Metformin, an antidiabetic drug with potent anticancer activity, is known to prevent oxidative stressinduced cell death in several cell types through a mechanism dependent on the mitochondria. In the present study, we investigated the influence of metformin on cisplatin ototoxicity in an auditory cell line. Cell viability was determined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (Sigma, St. Louis, MO, USA) cell proliferation assay. Oxidative stress and apoptosis were assessed by flow cytometry analysis, Hoechst 33258 staining, reactive oxygen species (ROS) measurement, and western blotting. Intracellular calcium concentration changes were detected using calcium imaging. Pretreatment with 1 mM metformin prior to the application of 20 μM cisplatin significantly decreased the frequency of late apoptosis in HEI-OC1 cells and also significantly attenuated the cisplatin-induced increase in ROS. In addition, metformin inhibited the activation of caspase-3 and levels of poly-ADP-ribose polymerase (PARP). Pretreatment with metformin prevented the cisplatin-induced elevation in intracellular calcium concentrations. We propose that metformin protects against cisplatin-induced ototoxicity by inhibiting the increase in intracellular calcium levels, preventing apoptosis, and limiting ROS production.
INTRODUCTION
Cisplatin is an important chemotherapeutic agent used in the treatment of solid tumors such as ovarian, cervical, testicular, lung, and head and neck cancers. However, treatment is accompanied by dose-limiting adverse effects such as nephrotoxicity and ototoxicity. While nephrotoxicity can to some extent be reversed by increasing saline hydration, there is currently no way to cure or prevent ototoxicity. Ototoxicity is a medication-induced auditory or vestibular functional loss that results in hearing loss or disequilibrium (Roland and Cohen 1998) . Cisplatin induces bilateral and irreversible hearing loss, and the elevation of hearing threshold has been reported in 75-100 % of patients treated with cisplatin (McKeage 1995) .
Though the mechanism mediating cisplatin-induced ototoxicity is not completely understood, it is believed to be different from that involved in the drug's anti-tumor activity. Cisplatin-induced ototoxicity is related to the drug's interaction with cochlear tissues such as outer hair cells, the stria vascularis, the spiral ligament, and spiral ganglionic cells. These interactions generate reactive oxygen species (ROS) (Clerici et al. 1995; Dehne et al. 2001; Banfi et al. 2004) while depleting the antioxidant enzyme system that would scavenge and neutralize this increase in superoxides (Rybak et al. 2000) The cochlea, because of its unique anatomical position as a closed system, is unable to rapidly flush out accumulated toxin. This leads to an ROS overload, which in combination with reduced antioxidant activity leads to cell injury and apoptosis. Furthermore, ROS-induced mitochondrial dysfunction has been implicated in the pathogenesis of cisplatin-induced ototoxicity (Davis et al. 2001) . Other reports showed that cisplatin induces apoptosis in auditory hair cells by triggering the mitochondrial apoptotic pathway (Boulikas and Vougiouka 2003) .
Apoptosis is primarily regulated by the activation of caspases through either internal or external pathways (Rybak and Kelly 2003) . The internal pathway is initiated by free radicals or stress signals; mitochondria then release apoptogenic factors through the mitochondrial permeability transition pore (PTP) (Jacotot et al. 1999) into the cytoplasm to initiate apoptosis in a caspase-dependent or caspase-independent manner. The molecular characteristics of PTP are not well known, but calcium is known to play a role (Bernardi et al. 2006) . One study demonstrated that highly toxic aldehyde 4-hydroxynonenal (4-HNE) generated by the interaction between free hydroxyl radicals and the cell membrane has been associated with increased calcium influx into the outer hair cell and apoptosis (Lee et al. 2004a, b) .
Recent investigations of metformin, an antidiabetic drug, have shown that this agent prevents oxidative stress-induced death in several cell types through a mechanism that attenuates PTP opening and cytochrome c release (Guigas et al. 2004; El-Mir et al. 2008) . Over the past decade, it has gained significant attention as a potent anticancer drug (Ben Sahra et al. 2010; Gonzalez-Angulo and Meric-Bernstam 2010) .
The aim of this study was to examine the potential protective properties of metformin against cisplatininduced ototoxicity in an auditory cell line.
METHODS

HEI-OC1 cell culture
The HEI-OC1 cell line was provided by F. Kalinec (House Ear Institute, Los Angeles, CA, USA). Establishment of the HEI-OC1 cell line was facilitated by the development of a transgenic mouse, Immortomouse, which harbored a temperature-sensitive mutant of the SV40 large T antigen gene. Cochlear half-turns from Immortomice at postnatal day 7 were cultured under permissive conditions (33.8°C) in Dulbecco's modified Eagle's medium (DMEM; Gibco BRL, Grand Island, NY, USA) containing 10 % fetal bovine serum (FBS; JRH Biosciences, Lenexa, KS, USA) and 50 U/mL interferon-γ without antibiotics. Extremely sensitive to ototoxic drugs, HEI-OC1 cells express several molecular markers which are characteristic of organ of Corti sensory cells (Kalinec et al. 2003) . The HEI-OC1 cell line is therefore a useful experimental model for the study of ototoxic drugs. The cells used in this study were maintained in DMEM with 10 % FBS at 33°C under 10 % CO 2 in air.
Calcium imaging
The intracellular Ca 2+ concentration in HEI-OC1 cells was measured with Fura-2AM (5 μM) using digital microscope (Universal; Carl Zeiss, Inc., Thornwood, NY, USA). The cells were divided into four groups: a control group, a metformin (1 mM) group, a cisplatin (6 mM) group, and a cisplatin (6 mM) group of cells that were pretreated with metformin (1 mM). In the metformin pretreatment group, the cells were incubated with 1 mM metformin for 24 h in advance. Then, a field of cells was monitored by sequential dual excitation at 340 and 380 nm, and the ratio was analyzed as described elsewhere (MacGlashan 1989) . The ratio images were acquired every 3 s (1 cycle), and agents were applied at the 30th cycle (90 s). Cells were finally exposed to ionomycin (10 μM) which was used to obtain the maximum obtainable response (positive control).
MTT assay
The uptake and conversion of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT; Sigma, St Louis, MO, USA) to crystals of dark violet formazan provides an index of cell viability. Thus, HEI-OC1 cells (10 5 cells/well of 24-well plate) were incubated with 20 μM of cisplatin (a concentration which is known to result in 48 (±6.9)% cell viability after 48 h; Fig. 1 ) for 48 h, and the effects of cisplatin were measured using an MTT assay. In order to examine the effects of metformin on cisplatin ototoxicity in the auditory cell line, the cells were pretreated with metformin (1 mM) for 24 h, and then exposed to cisplatin (20 μM, 48 h). For the MTT assay, 50 μL of MTT solution (0.25 mg) were added to 0.5 mL of the cell suspension, and the plates were then incubated for 4 h at 33°C in 10 % CO 2 . The insoluble formazan crystals were centrifuged, and the pellets were dissolved by the addition of DMSO (500 μL/well). Optical density was measured using a microplate reader at 570 nm (Spectra Max, Molecular Devices, Sunnyvale, CA, USA).
Flow cytometry analysis
The rate of apoptosis among HEI-OC1 auditory cells treated with 20 μM cisplatin for 48 h (in the group pretreated with metformin as well as the nonpretreated group) was determined using Annexin V-FITC (Ezway Annexin V-FITC Apoptosis Detection Kit, Komabiotech, Seoul, Korea). The specific binding of Annexin V-FITC was performed by incubation of the cells for 15 min at room temperature in binding buffer containing a saturating concentration of Annexin V-FITC and PI (propidium iodide). After washing with binding buffer, the cells were resuspended with 500 μL binding buffer containing 10 μL PI. Cells that had undergone the late apoptosis were identified by PI staining. The results were acquired and analyzed with CellQuest Pro software. The high mean fluorescence of Annexin V-FITC in a flow cytometric histogram was used to characterize the apoptotic cell population. The entire procedure was repeated three times.
Measurement of intracellular ROS production and Hoechst 33258 staining
Intracellular ROS levels were measured using a fluorescent dye, 2′,7′-dichlorofluorescein diacetate (DCFH-DA; Eastman Kodak, Rochester, NY, USA). In the presence of an oxidant, DCFH is converted into highly fluorescent 2′,7′-dichlorofluorescein (DCF). For the assay, HEI-OC1 cells were cultured on cover slips, and then treated with 20 μM cisplatin for 48 h in the presence or absence of metformin (1 mM, 24 h pretreatment). Cells were washed twice with serumfree medium without phenol red and incubated with 5 mM DCFH-DA in serum-free medium without phenol red for 15 min at 33°C. After three washings with serum free medium without phenol red, cells were fixed with 3.7 % glutaraldehyde for 10 min at room temperature. Cells were incubated with 10 μg/mL Hoechst 33258 (Sigma, St Louis, MO, USA) for 20 min at room temperature in the dark. After washing twice with PBS, the samples were immediately observed at excitation 387 nm. Fluorescent intensity was then measured at excitation of 485 nm and emission of 538 nm using a long-term real-time live cell image system (LAMBDA DG-4, Sutter Int., Novato, CA, USA). H 2 O 2 20 mM was used as a positive control.
Measurement of caspase-3 activity
The enzymatic activity of caspase-3 was assayed with a caspase colorimetric assay kit (R&D Systems, Minneapolis, MN, USA) according to the manufacturer's protocol. Auditory cell line lysate was prepared in a lysis buffer on ice for 10 min and centrifuged for 5 min at 14,000 rpm. The protein concentration in each lysate was measured. The catalytic activity of caspase-3 in the cell lysate was measured by proteolytic cleavage of 200 μM DEVD-pNA and colorimetric substrate for 2 h at 37°C. The mixture incubated with no DEVD-pNA substrate was used as a negative control. The plates were read at 405 nm with a microplate reader (Spectra Max, Molecular Devices, Sunnyvale, CA, USA).
Western blot analysis of PARP
Poly-ADP-ribose polymerase (PARP) primary antibody was purchased from Cell Signaling Technology (Danvers, MA, USA). For the assay, HEI-OC1 cells were cultured and treated with 20 μM cisplatin for 48 h in the presence or absence of metformin (1 mM, 24 h pretreatment). Cell lysates were used in Pro-prep lysis buffer (Intron Biotechnology, Seongnam-Si, Korea). The proteins (40 μg/sample) were immediately heated for 5 min at 100°C and were subjected to SDS-PAGE on gels. Separated proteins were transferred to nitrocellulose membranes, and western blotting was performed using a gel loading kit and protein transfer system kit (BioRad, Hercules, CA,
FIG. 1. Cytotoxic effect of cisplatin on
HEI-OC1 cells. Viable cells were counted using the MTT assay. This figure is expressed as a percentage of the untreated control cells in a time-and dose-dependent manner. Cells were treated with 10, 20, or 40 μM of cisplatin for 24 and 48 h. When cells were treated with 10, 20, and 40 μM cisplatin for 24 h, the cell viability was 97.2 (±1.2), 83.6 (±3.7), and 55.3 (±5.2)%, respectively. In addition, the cell viability for 10, 20, and 40 μM cisplatin for 48 h were 80.2(±6.1), 48.0 (±6.99), and 27.6 (±2.9)%, respectively. Twenty micomoles of cisplatin for 48 h was selected for further experiments (PG0.001, for comparison between the control and 20 μM).
USA). Membranes were blocked by treatment with 5 % skim milk in Tris-buffered solution (TBS) with Tween and subsequently incubated with primary polyclonal antibodies at a final dilution of 1:1,000. After three washes in TBS containing 0.1 % Tween, membranes were incubated with peroxidase-conjugated secondary antibodies (final dilution, 1:2,000) in TBS for 2 h and subsequently washed. Detection was performed by chemiluminescence using an Enhanced ChemiLuminescence kit (ECL; Amersham Life Science, Braunschweig, Germany) and subsequently using a Multiple Gel-DOC system (BioRad, Hercules, CA, USA). Beta actin was used as a control.
Statistical analysis
All values are represented as mean±SD. For data analysis, we used the SPSS 20.0 statistical program. For comparing means between the baseline and the response to agents during calcium imaging analysis, we used a paired t test. For the comparison of multiple groups in the MTT assay, flow cytometry analysis, ROS-, and caspase-3 activity, ANOVA was used. A P value of G0.05 was considered statistically significant. For multiple comparisons, Bonferroni correction was done.
RESULTS
Calcium imaging
There was no change in intracellular calcium concentrations until the application of ionomycin in the control group (P=0.889; Fig. 2A ). Ionomycin was used to extract the maximal response. When cisplatin (6 mM) was applied at the 30th cycle (90 s), there was a prompt elevation of intracellular calcium concentrations (PG0.001; Fig. 2C ). There was no change in intracellular calcium concentration, when metformin (1 mM) was applied at the 30th cycle (P= 0.262; Fig. 2B ). However, when cells were pretreated with metformin (1 mM) for 24 h in advance, there was no significant change in intracellular calcium concentrations after the addition of cisplatin at the 30th cycle (6 mM) (P=0.877; Fig. 2D ).
MTT assay
To determine whether metformin was able to prevent cisplatin-induced apoptosis, cell viability in HEI-OC1 cultures was determined by MTT assay. When cultured cells were exposed to 20 μM cisplatin and 1 mM metformin, cell viability was 53.2 (±5.4) and 95.5 (±3.3)%, respectively (Fig. 3) . However, when the cells were exposed to 20 μM cisplatin after pretreatment with 1 mM metformin for 24 h, cell viability was 69.3 (±11.1)% (Fig. 3) . This was significantly higher than the level of viability observed in the group treated with cisplatin alone (P=0.015).
Flow cytometry analysis
There were no significant differences in late apoptosis between the controls (1.4 %) and metformin added groups (0.6 %) (Fig. 4A, B; P=0.779). When 20 μM cisplatin was applied, the proportion of cells undergoing late apoptosis increased (59.2 %) compared with the level observed in the control group (1.4 %) ( Fig. 4C; P=0.012 ). The proportion of late apoptosis decreased significantly when cells were exposed to 1 mM metformin (20.8 %) prior to cisplatin treatment ( Fig. 4D; P=0 .017).
Measurement of intracellular ROS production and Hoechst 33258 staining
Apoptosis was evaluated by the appearance of condensed and fragmented nuclei as revealed by Hoechst 33258 staining. Condensed nuclei were observed among cells exposed to 20 μM cisplatin for 48 h but not among those in the control or metformin groups (Fig. 5A-C) . Cell density was also reduced in the cisplatin group; this change was attributed to an increase in the rate of apoptosis. However, when the cells were pretreated with metformin before cisplatin application (Fig. 5D) , the nuclei were only slightly condensed.
There was an increase in ROS when cisplatin was applied (Fig. 5H) , but when the cells were pretreated with metformin, the ROS increase was reduced in magnitude (Fig. 5I) . ROS levels increased 1.8±0.1-fold after exposure to 20 μM cisplatin but ROS levels significantly decreased to 1.5±0.1-fold after metformin pretreatment (Fig. 6, P=0 .008). H 2 O 2 was applied for the positive control (1.9±0.6).
Measurement of caspase-3 activity
Caspase-3 activity is involved in cisplatin-induced toxicity and related to apoptotic changes in cisplatin ototoxicity. As shown in Figure 7 , the administration of 20 μM cisplatin increased the activity of caspase-3 (2.5±0.7-fold over the normal control). The pretreatment of HEI-OC1 cells with metformin, however, significantly decreased caspase-3 activity (1.4±0.2-fold) as compared with cells treated with cisplatin alone (P=0.001).
Western blot analysis of PARP levels
The inhibitory effect of metformin on PARP was investigated using western blotting (Fig. 8) . Cisplatin increased cleaved PARP by 3.9±1.9 times as the control. These cleavages of PARP facilitate cellular disassembly and serve as a marker of cells undergoing apoptosis. However, metformin pretreatment reduced the cleaved PARP by 2.3 ±0.4 times as the control. Thus, this result also supports an antiapoptotic effect of metformin (P=0.009).
DISCUSSION
Cisplatin is a chemotherapeutic drug used to treat a variety of malignant tumors. It is believed that DNA is the target of the antineoplastic activity, as cisplatin binds irreversibly to DNA, forming intra- strand   FIG. 2 . Calcium imaging. In the control group, there was no change in intracellular calcium concentration until the application of ionomycin (P=0.889, A). There was no change in intracellular calcium concentration when metformin (1 mM) was applied (B) at the 30th cycle (90 s; P=0.262), but when cisplatin (6 mM) was applied, there was a prompt elevation of intracellular calcium concentrations (PG0.001, C).
However, when cells were pretreated with metformin (1 mM) for 24 h, intracellular calcium concentrations did not change significantly after the addition of cisplatin at the 30th cycle (6 mM; P=0.877, D). Orange arrow, application of the agents at the 30th cycle. Purple arrow, application of the ionomycin around 310th cycle.
FIG. 3. MTT assay. When cultured cells
were exposed to 20 μM cisplatin and 1 mM metformin, cell viability was 53.2 (±5.4) and 95.5 (±3.3)%, respectively. But when the cells were exposed to 20 μM cisplatin after pretreatment with 1 mM metformin for 24 h, cell viability was 69.3 (±11.1)% which was significantly higher than in the cells treated with cisplatin alone (P=0.015).
crosslinks between adjacent guanine residues. However, it causes irreversible and bilateral hearing loss, and results in a disability of communication and a decreased quality of life. The loss of hearing during development, as in pediatric cancer patients, severely impedes the speech, cognition, and social development. Thus, there is a need to reduce the ototoxicity while reinforcing the efficacy of the drug's antitumor activity.
The attenuation of cisplatin ototoxicity has been observed after treatment with protective agents that are predominantly anti-oxidants. The protective effects of N-acetylcystein have been demonstrated in rat (Dickey et al. 2004 ) and guinea pig (Choe et al. 2004 ). An intracochlear perfusion of sodium thiosulfate was shown to inhibit the cisplatin-induced activation of cytochrome c, thus preventing the apoptosis of hair cells in a quinea pig model (Wang et al. 2003) . No protective effect was identified in children with germ cell tumors treated with amifostine in combination with cisplatin, etoposide, and bleomycin (Marina et al. 2005; Sastry and Kellie 2005) . Intra-tympanic administration of dexamethasone reduced cisplatin-induced hearing loss in guinea pig as well as mouse models (Daldal et al. 2007; Hill et al. 2008) . Salicylates have been shown to be effective against cisplatin-induced outer hair cell damage (Hyppolito et al. 2006) . Nonetheless, thus far, there is no ideal protective agent in clinical use.
Metformin, a drug widely used in the treatment of type II diabetes, has gained significant attention during the last decade as an anticancer drug. In diabetic patients, it has been found to inhibit gluconeogenesis in the liver by impairing oxidative phosphorylation and leading to an imbalance of the AMP/ ATP ratio (Hundal et al. 2000) . Consequently, metformin reduces blood glucose and insulin levels. Another study (Zhou et al. 2001 ) demonstrated that metformin activated adenosine monophosphate-activated protein kinase (AMPK) in both hepatocytes and   FIG. 4 . Flow cytometry analysis. There were no significant differences (P=0.779) in the percentage of late apoptosis between controls (1.4 %) and metformin-added group (0.6 %). When 20 μM cisplatin was applied (C), the proportion of cells experiencing late apoptosis increased compared with the control (59.2 %, P=0.012).
The proportion of late apoptosis decreased when 1 mM of metformin was pretreated before the application of cisplatin (20.8 %), and the differences between (C) and (D) were statistically significant (P=0.017).
skeletal muscle, which implicates the importance of AMPK in regulating both glucose production and fatty acid oxidation.
In cancer patients, AMPK activation by metformin and other activators results in inhibition of the m-TOR pathway and modulates the expression of p21, p27, and cyclin D1, which inhibit proliferation. The insulin/ insulin-like growth factor-1 signaling pathway is recognized as another important pathway involved in tumor growth (Gonzalez-Angulo and Meric-Bernstam 2010; Ramandeep Rattan et al. 2011) . Several studies have demonstrated that metformin can effectively inhibit the growth of colon, pancreatic, mammary adenocarcinoma, and lung carcinoma cells in AMPK-dependent and AMPK-independent mechanisms (Ben Sahra et al. 2010) . Metformin treatment significantly decreased the tumor burden and mammary adenocarcinoma accumulation in the HER-2/meu mouse model for breast cancer (Anisimov et al. 2005) . Moreover, recent studies have demonstrated that metformin enhances the antitumor effects of cisplatin (Rattan et al. 2011; Dong et al. 2012) .
However, in our previous study of the effects of metformin on cellular ototoxicity, metformin prevented
FIG. 5. Measurement of intracellular ROS production and
Hoechst 33258 staining. Apoptosis was evaluated based on the appearance of condensed and fragmented nuclei in Hoechst 33258 staining (A-E). As compared with control cells and those treated with metformin (A, B), cells exposed to 20 μM cisplatin for 48 h displayed nuclei that were condensed and fragmented (C). Group (C) also exhibited reduced cell density compared with groups (A) and (B). However, when the cells were pretreated with metformin (D), they were less condensed and less fragmented. Intracellular ROS production was measured with DCFH-DA (F-J). Cisplatin increased ROS levels (H); metformin attenuated this increase in ROS levels (I). H 2 O 2 was applied for the positive control (E, J).
FIG. 6. Measurement of ROS produc-
tion. ROS levels increased 1.8±0.1-fold after exposure to 20 μM cisplatin. ROS levels increased 1.5±0.1-fold in cells pretreated with metformin. The differences between these two values were statistically significant (P=0.008). H 2 O 2 was applied as the positive control (1.9± 0.6).
gentamicin-induced apoptosis through calcium-modulating and ROS-reducing anti-apoptotic effects (Chang et al. 2011) . Metformin inhibited increases in intracellular calcium concentrations and reduced the levels of caspase-3 and PARP, indicating that the drug regulates the apoptosis through the intrinsic apoptotic pathway. Other studies on cellular toxicity have proposed that metformin induces calcium retention and modulates the mitochondrial permeability transition, thereby preventing cell death because of the release of cytochrome c through PTP (Guigas et al. 2004; Lablanche et al. 2011) . Ullah et al. also demonstrated that metformin inhibits the apoptotic cascade by increasing Bcl-2 expression, repressing the activation of caspase-9 and caspase-3 and reducing the cleavage of PARP-1 (Ullah et al. 2012) .
In the internal pathway of apoptosis, mitochondria releases apoptogenic factors through PTP into the cytoplasm to activate caspases. Caspases are a family of cysteine proteases and are critical mediators of cell apoptosis, which play an important role in the apoptotic process (Grutter 2000). Caspase-3 can activate DNA fragmentation factor, which in turn activate endonucleases to cleave nuclear DNA, and ultimately leads to cell death (Lee et al. 2007 ). In addition, caspase-3 is responsible for the proteolytic cleavage of many key proteins, including PARP, which is important for cell viability. The cleavage of PARP facilitates cellular disassembly and serves as a marker of cells undergoing apoptosis (Oliver et al. 1998 ).
In the current study, metformin prevented cisplatin-induced cell death in auditory cell line by regulating intracellular calcium concentration, preventing a sequential apoptotic cascade, and reducing ROS production, as reported previously (Chang et al. 2011) . Metformin significantly decreased caspase-3 activity and reduced the cleaved PARP. In Hoechst stain, the cells pretreated with metformin had less condensed and fragmented nuclei. In addition, the amount of ROS production was reduced and the change of intracellular calcium concentration decreased when metformin was used.
Although our experiment was conducted with an HEI-OC1 cell line designed to evaluate the ototoxicity of the drug, its conditions are not typical condition of cochlear cells as it is cultured under permissive conditions (33.8°C, 10 % CO 2 ). Therefore, in order to validate the protective effect of metformin in FIG. 8 . Western blot analysis of PARP. Cisplatin increased PARP cleavage, which facilitates cellular disassembly and thereby identifies cells undergoing apoptosis. Cisplatin increased cleaved PARP by 3.9±1.9-fold over the normal control. However, metformin pretreatment reduced the cleaved PARP by 2.3±0.4-fold over the control. The difference between two groups were statistically significant (P=0.009).
FIG. 7.
Measurement of caspase-3 activity. Cisplatin increased caspase-3 activity (2.5 ± 0.7-fold over the normal control). The pretreatment of HEI-OC1 cells with metformin, however, significantly decreased caspase-3 activity (1.4 ±0.2-fold over the normal control), as compared with cells treated with cisplatin alone (P=0.001).
cisplatin ototoxicty, these results obtained in vitro should be corroborated by in vivo studies. Moreover, metformin is a hydrophilic base which exists at physiological pH as the cationic species (999.9 %). The oral absorption, hepatic uptake, and renal excretion of metformin are mediated very largely by organic cation transporters and plasma membrane monoamine transporter. It is not yet found which receptors or transporters are responsible for its cellular uptake, either in cochlea in vivo or HEI-OC1 cells in vitro. As both cisplatin and metformin are hydrophilic, it is possible that metformin competes with cisplatin for transporters or receptors, even in in vitro condition. In addition, it has to be validated by in vivo study in the future.
Although metformin is rather a safe agent when administered to the patients (Goodarzi and Bryer-Ash 2005), its clinical application of cisplatin-induced ototoxicity remains unclear, because the problem as to whether metformin enhances or suppresses the efficacy of cisplatin in the treatment of cancer cells remains unsolved. Further in vivo studies are necessary and should focus on evaluating whether metformin can simultaneously enhance the therapeutic action of cisplatin and decrease the frequency of adverse side effects.
CONCLUSIONS
This is the first study to investigate the protective effects of metformin against cisplatin induced ototoxicity in an auditory cell line. In experiments on HEI-OC1 cells, we found that metformin inhibited the increase in intracellular calcium, enhanced cell viability, and prevented ROS production.
